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Terahertz magneto-transport measurements 
in underdoped Pr2-xCea;Cu04 and comparison with ARPES 
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We present magneto-transport measurements performed on underdoped Pr2_i,Cea:Cu04 at THz 
frequencies as a function of temperature and doping. A rapidly decreasing Hall mass is observed 
as the doping is reduced consistent with the formation of small electron Fermi pockets. However, 
both dc and infrared (IR) magneto-transport data strongly deviate from the predictions of transport 
theory in the relaxation time approximation (RTA) based on angular resolved photoemission data. 
The Hall mass is observed to increase continuously with increasing temperature with no signature 
at the Neel temperature. In the paramagnetic state, the temperature dependence of the Hall mass 
is consistent with current vertex corrections to the Hall conductivity due to magnetic fluctuations 
as observed in overdoped Pr2_a;Cei,Cu04. Possible causal mechanisms for the discrepancy between 
transport theory within the RTA and the magneto-transport data are discussed. 

PACS numbers: 74.72.Jt 78.20.Ls 71.18.+y 71.10.Ay 71.45.Gm 



I. INTRODUCTION 

The cuprates remain an intriguing problem because 
they are strongly interacting electron systems close to 
the Mott state characterized by strong competing fluctu- 
ations of charge, magnetic, and superconducting order. 
The subtle interplay between these fluctuations mani- 
fests as different behavior in the various cuprate ver- 
sions. Charge order is emphasized near 1/8 doping. Su- 
perconducting fluctuations extend to high temperatures 
in the hole doped (p-type) cuprates. Magnetic order is 
more strongly expressed in the electron (n-type) doped 
cuprates. Mott correlations as half filling is approached 
become particularly important in underdoped materials. 
The difficulty of describing the electronic properties of 
the cuprates may lie in the necessity to account for these 
different fluctuating orders simultaneously. 

The predominance of magnetic order in the n-type 
cuprates has lead to the suggestion that they approach 
the Mott state through a spin density wave (SDW) tran- 
sition at a quantum critical point near optimal doping.^ 
Evidence for this SDW order in the magnetic state is seen 
in the direct observation of a gap in angular resolved 
photoemission (ARPES) measurements^ and an onset 
of gap-like optical absorption in the infrared whose fre- 
quency increases as half filling is approached No such 
gap-like feature is present in the p-type cuprates, which 
instead exhibit a pseudogap corresponding to a suppres- 
sion of spectral weight near the Fermi level at temper- 
atures below a characteristic pseudogap temperature;^ 
Both the gap and pseudogap produce Fermi arcs in 
ARPES measurements, wherein portions of the large 
hole-like Fermi surface (FS) observed at optimal dop- 
ing are obliteratedi^ In the case of n-type cuprates the 
obliterated sections are reasonably hypothesized to result 



from a SDW gaping of the FS from the (tt, tt) magnetic 
order which doubles the unit cell and reconstructs the 
FS by zone folding, leading to small electron-like Fermi 
pockets centered at (tt, Q)X 

In this paper we examine the dc and infrared (IR) 
magneto-transport of underdoped n-type cuprates to test 
the SDW picture by comparing the transport data with 
ARPES data within conventional transport theory. In 
the magnetically ordered state with the absence of mag- 
netic fluctuations it might be expected that transport 
theory within the relaxation time approximation (RTA) 
would be applicable. ARPES data provides the FS ge- 
ometry, the Fermi velocities and the quasiparticle relax- 
ation rates which are the required ingredients for cal- 
culating the magneto-conductivity tensor in the RTA. 
We have measured the Hall angle of four underdoped 
Pr2_a;Ce2,Cu04 (PCCO) samples at an optical frequency 
of 10.5 meV. Our principle observation is large discrepan- 
cies between the magneto-transport data and the predic- 
tions of the RTA based on the Fermi surface properties 
measured by ARPES. 



II. MEASUREMENT AND RESULTS 

Thin c-axis oriented fllms of PCCO were grown via 
pulsed laser deposition onto LaSrGa04 (001) substrates. 
We report data on two samples which were previously 
measured in the near-infrared^ along with two new simi- 
larly grown samples.-- The four samples have a chemical 
doping of x=0.10, 0.12, 0.135, and 0.15, thicknesses of 
275, 126, 220, and 145 nm, and Tc's of less than 2K, 2K, 
12. 5K, and 19. 6K, respectively. 

The Faraday rotation and circular dichroism, charac- 
terized by the complex Faraday angle Op, were measured 
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FIG. 1: (a) Real and imaginary part of the Hall angle mea- 
sured at 10.5 meV as a function of temperature. A negative 
value implies a dominant electron-like response. Grey depicts 
error bars of one standard deviation, (b) Schematic of the FS 
model of the electron pocket centered at (7r,0). The blue and 
red arcs have different radii of curvature whose center defines 
the 'edge' and 'corner' of the pocket, respectively. The dis- 
tance from the center of the pocket to the edge is fee. The 
radius of curvature of the edge arc divided by fee defines vari- 
able /3e. K is the fraction of the FS which is made up of the 
edge arc lengths. Along with the condition that the tangent 
to the FS is continuous at all points, the three variables k^, 
Pe, and K define the size and shape of the FS. The corner and 
edge arc are assigned Fermi velocities and scattering rates as 
measured by ARPES. 



at 10.5 meV as a continuous function of temperature. 
The output of a far-infrared molecular vapor laser was 
polarization modulated with a rotating quartz 1 /4-wave 
plate and subsequently transmitted through the sample 
at normal incidence. Magnetic fields up to 8T were ap- 
plied parallel to the c-axis of the film. The detector signal 
was harmonically analyzed and the complex Faraday an- 
gle extracted, a technique that is detailed elsewhere^ 

In the thin film limit, the complex Hall angle is de- 
rived from the Faraday angle via 9h = (1 + -^7^-^)Sf: 



where n is the index of refraction of the substrate, Zq is 
the impedance of free space, and d is the thickness of the 
film. The film thickness was chosen to allow sufficient 
transmitted power while maintaining a relatively small 
conversion factor. FTIR spectroscopic transmission mea- 
surements were performed in the spectral range from 2 
to 13 meV at a set of discrete temperatures ranging from 



10 to 300 K. The complex conductivity was extracted by 
fitting the transmission data to a simple Drude model?^ 
The Hall frequency luh and Hall scattering rate "/h 
are defined in terms of the complex Hall angle within a 
Drude parameterization: 



(1) 



where Uxy is the Hall conductivity, a^x is the longitudinal 
conductivity, ujh — qB/{mHc) is the Hall frequency, uj is 
the radiation frequency, mn is the effective Hall mass, B 
is the applied magnetic field, and q is the effective charge 
of the quasiparticlc. The Hall mass can be expressed as: 
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where = 0.ll5meV/T is the bare electron cyclotron 
frequency. 

Various calibrations of the IR Hall system were per- 
formed to ensure the accuracy and validity of the mea- 
surement technique.® A polarizer and waveplate substi- 
tuted for the sample induce a rotation and ellipticity 
which are easily calculated and compared to measure- 
ments. To fully test the system under similar operating 
conditions as the measurements performed on high-Tc 
cuprates, a GaAs 2-DEG heterostructure was measured 
as a function of magnetic field with a thin film of NiCr 
deposited on the surface with a 25r2 sheet resistance to 
lower the transmitted power to a level commensurate 
with a typical high-Tc sample. The cyclotron resonance 
of a 2-DEG produces a resonance and antiresonance as- 
sociated with the imaginary and real part of the Faraday 
angle, respectively. Since the resonance and antireso- 
nance are simply related, the relative sizes of the real and 
imaginary Faraday angle allow careful comparison with 
measurements. In addition, measurements performed on 
optimally doped single crystal Bi2Sr2CaCu208-i-a; mea- 
sured at 10.5, 5.25, and 3.0 meV when analyzed with 
Eq.[2] demonstrate a temperature and frequency indepen- 
dent Hall massS. consistent with ARPESfiSi the optical 
mass derived from ac conductivity^^ and the Hall mass 
derived from near-infrared Hall measurements 

For all PCCO samples, the measured complex Faraday 
angle at fixed temperature was linear in applied field. 
The measured Hall angle as a function of temperature 
for all four samples is presented in Fig.[TJi,. The Hall 
mass extracted from the complex Hall angle is shown in 
Fig.H 



III. COMPARISON OF LOW TEMPERATURE 
IR HALL RESULTS AND ARPES 

It is interesting to compare dc and IR magneto- 
transport data directly with the reconstructed FS proper- 
ties measured by ARPES. Both dc and IR Hall measure- 
ments are sensitive to Fermi surface geometry as well as 
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FIG. 2: (a) The Hall mass extracted from Fig.[T^ using Eq.[2] 
normalized to the bare electron mass. Temperatures above 
200 K are excluded due to noise introduced into niH from 
the exceedingly small Hall angle. The negative value of the 
Hall mass signifies a net electron-like response. The extremely 
small Hall masses associated with the 10% and 12% samples 
exemplify a large IR Hall response which cannot be obtained 
from ARPES data analyzed in terms of the RTA. Failure 
of the system to recover to a large hole-like Fermi surface 
(positive mn) well above the Neel temperature (marked by 
arrows) ^"' indicates that current vertex corrections induced by 
antiferromagnetic fiuctuations in the paramagnetic state are 
active, (b) The low temperature (28 K) Hall mass plotted 
versus doping. 

quasiparticle scattering rates and velocities, precisely the 
quantities measured by ARPES. We will show that con- 
siderable deviations between the information garnered 
from ARPES data analyzed in terms of the RTA and 
magneto-transport measurements illustrate a fundamen- 
tal breakdown of the RTA. Within a Fermi liquid based 
theory, this breakdown signals a need to properly account 
for vertex corrections. 

Within the RTA in Boltzmann theory, the off-diagonal 
and diagonal conductivities {(Jxy and Uxx) may be ex- 
pressed as path integrals around the FS involving the 
Fermi velocity, scattering rate, and size and shape of the 
FS>ii 

eB r „ iJt X dvfjdk 

<Jxy = ■ f dk-^ 2^ 

hco he Jps hk - 

(Txx^T— f dk J '. (3) 
"Co J PS Ik ~ 

where 7^ = Afc, Ak is the momentum distribution 
curve (MDC) width as measured by ARPES, / = 1/Afc 
is the mean free path, v^, is the (renormalized) Fermi 
velocities measured by ARPES, and Cq is the interplane 
spacing. In a comparison of ARPES and transport data it 
is important to recognize that the current relaxation time 



that characterizes transport is not necessarily the same 
as the quasiparticle lifetime measured by ARPES. For 
example, small angle elastic scattering as seen by ARPES 
does not affect transport Therefore in implementing 
our model we compare the 7* needed to reproduce the 
transport data to the ARPES values. 

As depicted in Fig.[TjD, we construct a two-arc FS 
model of the electron pocket centered at (7r,0) whose 
shape and size is based on ARPES. The corner and edge 
arcs as defined in the caption are assigned ARPES mea- 
sured values of Fermi velocities and scattering rates 
7^ computed from the MDC widths. Setting Fermi ve- 
locities and scattering rates along each arc to a constant 
is not strictly correct. If they are considered as effective 
average values along each arc, then the model captures 
the quantitative features of the FS properties. Since the 
discrepancies between ARPES and transport data will 
be shown to be very large in comparison, errors which 
may be introduced into the analysis from this approxi- 
mation are negligible. Utilizing Eq. ([3]), the complex IR 
Hall angle and dc Hall coefficient Rh = o'xy/o'xx are cal- 
culated and compared to measurements. The results are 
presented in Tablc[Tl 

Very little ARPES data actually exists for PCCO.ii 
However, ARPES measurements have character- 
ized various similar n-type cuprates at a variety 
of doping levels including Nd2-2;Ce^Cu04±5r^'i^i2£ 
Pro.89LaCeo.iiCu04*^^ and Smi.86Ceo.i4Cu04'^ ARPES 
measurements together with dc Rh data show frac- 
tionalization of a large hole-like FS upon underdoping 
below a critical value ~16% into arcs gapped along 
the magnetic Brillouin zone (BZ)iii^ i^^i^^i^^ Below a 
doping of ~13%, the arc in the vicinity of (7r/2,7r/2) 
is completely gapped ouli^^ leaving only the arc near 
(7r,0). In this paper we take the point of view that these 
observations correspond to the formation of a single 
convex electron pocket centered at (7r,0) in PCCO for 
x<13% and that the band-folded sections of FS are 
much reduced in intensity due to coherence factors in 
ARPES ,^ 

The FS curvature associated with the edge sections 
of the electron pocket (defined in Fig.[T|3) is an impor- 
tant consideration when calculating Hall transport. In 
the case of NCCO, the edge sections have a convex cur- 
vature at ~13%, become straight at around '^15%, and 
eventually become concave (or hole-like) at ~16%ji§ Sub- 
stitution of various lanthanide elements show a system- 
atic correlation of edge section curvature with atomic 
number. The edge sections become hole-like at a cross- 
over doping level which decreases with a decrease in 
lanthanide atomic number. ^'^ Based upon the measured 
trends, the curvature of the edge sections at ~12% of 
PCCO should be a bit flatter along the edge section than 
a sample of NCCO at the same doping. For PCCO, 
we expect a fully convex electron pocket with no hole- 
like contributions at and below ~12% doping. Increas- 
ing the doping above ~13%, any hole-like contributions 
caused from the edge curvature would be more prevalent 
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TABLE I: ARPES measured properties of the FS are used to calculate dc Rh and IR Hall angle values under the assumptions 
of the RTA. Strong deviations are observed (rows 1 and 4). The three parameters used to fit the FS size and shape to ARPES 
measurements are defined according to the model presented in Fig. [TJj and associated caption. Measured values of dc Rh 
at low temperature are —6.5 x lO^^ilm for the 10% sample^^ and —6.2 x lO^'^'r^m for the 12% sample.— Fixing the Fermi 
velocities to those measured by ARPES and allowing the scattering rates to vary, a large mean free path along the corner 
direction is required to fit the dc Rh (rows 2 and 5). Simultaneously fitting the IR Hall data and dc Rh requires a large Vc 
and Ic ~ l-5le (rows 3 and 6) in contrast to the ARPES measured Ic ~ 0.4/e and relatively small Vc, illustrating a fundamental 
breakdown of the relaxation time approximation. 



in PCCO than NCCO. 

From the published ARPES data^iiiii^iiai20i2ii23^ 

reasonable values of the size and shape of the FS as well 
as the edge and corner Fermi velocities and scattering 
rates for excitation energies near the FS (below the ob- 
served kink in the energy dispersion)ii are summarized 
in TableU] for 10% and 12% doping levels. It should be 
noted that only one study reports the corner Fermi ve- 
locity where Vc ^ OAve-^ 

We focus upon the two lowest doped samples, 10% and 
12%, where no hole-like contributions exist either from 
the hole-pocket near (7r/2, 7r/2) observed at higher dop- 
ing or from concave curvature of the edge sections associ- 
ated with the electron pocket. However, it should be em- 
phasized that our fundamental observation is a very large 
Hall angle response at low doping expressed as a small 
Hall mass. Admixtures of hole-like contributions tend to 
reduce a^y which suppress the Hall response manifesting 
as a large apparent Hall mass. This enhancement of the 
apparent Hall mass is observed in the 15% sample, for 
example (see Figs.[T^ and [5]). 

The number density calculated from the FS volume 
measured by ARPES is consistent with the stoichiomet- 
ric doping to within 10%. However, the calculated dc 
Rf jl^ , !?"^ and the IR Hall data for the two lowest doped 
samples are off significantly compared to the measured 
values (see TablelH rows 1 and 4). It should be empha- 
sized the discrepancy lies well outside of any measure- 
ment errors associated with input model parameters or 
transport values. To fully illustrate this large discrep- 
ancy, we consider two cases. 

In the first case, we only consider the dc Rh data. The 
Fermi velocities measured by ARPES are fixed but the 
scattering rate along the corner sections is allowed to vary 
in order to fit the dc Rh- The result that Ic ^ 1.5 (Ta- 
blelH rows 2 and 5) is contrary to ARPES measurements 
reporting Ic < (1/2) le-^ 

A similar comparison between the low temperature 
dc Rh data and values calculated from a mean field 



SDW model was performed by J. Lin and A. J. MilliSfi 
They used a tight binding band model with a doping 
dependent SDW gap which produces a Fermi surface 
whose size and shape is very similar to that measured 
by ARPES. The Fermi velocities were weakly anisotropic 
such that Vcjvc ~ 0.8, compared with Vc/ve ~ 0.4 mea- 
sured by ARPES. An isotropic scattering rate was as- 
sumed. Our model reproduces the same calculated Hall 
coefficient using the Fermi velocities calculated from their 
tight binding model. The trend observed in their study, 
that the measured dc Rh is significantly larger than ex- 
pected, becomes much more pronounced when the actual 
anisotropic velocities as measured by ARPES are used to 
calculate transport values. 

Although the dc Rh can be fit by only adjusting the 
corner scattering rates, the IR Hall data is off by over a 
factor of 2 and cannot be fit under any parameter values 
assuming the ARPES measured Fermi velocities. There- 
fore, in the second case, we allow the Fermi velocities as 
well as scattering rates to vary to fit both the dc Rh 
as well as the low temperature IR Hall data. The re- 
sulting values are significantly different from those mea- 
sured by ARPES (Tabled rows 3 and 6). We still require 
Zc ~ 1.5Ze in order to fit the dc Rh, but to concurrently 
fit the IR Hall data requires a large Vc whereas ARPES 
measures a relatively small Vc- 

This large discrepancy can be intuitively understood. 
For a simple one-band isotropic FS, niH kf/vp, so 
extremely small Hall masses result from strongly curved 
sections of FS (a small radius of curvature kp, like at 
the corner sections of the electron pocket) and a large 
Fermi velocity. The more rigorous model shows this pre- 
cise behavior requiring large velocities along the corner 
sections of FS (TableHl rows 3 and 6). The large dis- 
crepancy between the analyzed ARPES data and the dc 
and IR magneto-transport data elucidates a significant 
breakdown of the RTA approximation. 

There are other observations which cast doubt on a 
simple SDW model fully describing the ground state in 
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the underdoped n-type cuprates. The large increase in 
Vc required to describe the IR Hall data when doping 
from 12% to 10% contradicts the mean-field SDW pre- 
diction. Using reasonable values in a tight binding model 
(t, t', t" , and changes of the gap energy and Fermi energy 
with doping), a very gradual decrease in the velocities 
<25% is expected as the doping is changed from 12% to 
10%. However, in order to describe the IR Hall data, 
an increase in Vc by a factor of ~3 is required. Further- 
more, the same tight binding model predicts very little 
anisotropy of the Fermi velocity associated with the elec- 
tron pocket such that 0.7 < Vc/v^ < 0.8. However, the 
measured anisotropy by ARPES is a much larger factor, 
Vc/ve ~ 0.4. Note that to fit the IR Hall data tabulated 
m TableU (rows 3 and 6) requires anisotropies in veloc- 
ity in the opposite sense, Vc/Vf, « 2 for the 10% sam- 
ple. Lastly, ARPES data shows a weak remnant large 
unreconstructed hole-like FS superimposed upon the re- 
constructed FS suggesting that a simple SDW may not 
capture all the physics associated with the underdoped 
statei^ However, it should be noted that this effect would 
tend to suppress the Hall angle response due to the ad- 
mixture of hole-like contributions reducing axy^ a trend 
which is contrary to the observed large dc and IR Hall 
response. 

In this section we have shown that the low tempera- 
ture dc Rh response associated with the 10% and 12% 
doped samples is anomalously large compared to that 
expected from ARPES measurements. Our measured IR 
Hall angle response was also shown to be anomalously 
large, characterized by a small and doping dependent 
Hall mass. These deviations were shown to lie well out- 
side the error bars associated with any of the measure- 
ments. The discrepancy between ARPES and magneto- 
transport measurements signals a breakdown of the RTA. 



IV. TEMPERATURE DEPENDENCE OF THE 
HALL MASS 

In Fig.[21i, the three lowest doped samples show a grad- 
ual increase in Hall mass parameter with temperature. 
This is qualitatively consistent with a rollover from an 
electron-like FS to a large hole-like FS. In this scenario, 
the Hall angle would be expected to be negative at low 
temperatures eventually becoming positive, crossing zero 
in the interim. At the zero crossing, the apparent Hall 
frequency would be zero and the corresponding Hall mass 
parameter would be infinite. The gradual rise of the 
Hall mass parameter observed in Fig. [5^1. corresponds to 
a fractionalized FS slowly recovering to a large hole-like 
response at high temperature. A similar behavior is ob- 
served in the dc -R g^^'^^i^^ and dc 001(6*//)^^ for similarly 
underdoped samples in which the response is electron-like 
at low temperature and gradually decreases in magnitude 
with increasing temperature. 

However, the Neel temperature for the n-type cuprates 
is relatively low as depicted in Fig. [5^: TAr|io% « 150K, 



Tn\i2% ~ lOOK, and T7v|i3.5% « OJ^ Well above the 
Neel temperature where antiferromagnetic (AFM) fluc- 
tuations are negligible we expect a recovery of a large 
hole-like FS. A continuing electron- like response with 
a gradually changing Hall mass is observed well above 
the Neel temperature, an observation consistent with dc 
Rh measurements ji^ii^i^^ We interpret this as evidence 
of current vertex corrections induced by AFM fluctua- 
tions in the paramagnetic state. In overdoped PCCO, 
the current-vertex corrections were shown to successfully 
describe the salient features of the dc and IR Hall angle 
measurements as a function of temperature, doping, and 
frequencyi^ 

In a simple SDW scenario, a temperature independent 
Hall mass is expected well below the Neel temperature. 
Together with the observation that the ARPES measured 
FS properties strongly deviate from dc and IR magneto- 
transport data, the clear temperature dependence of the 
Hall mass well below the Neel temperature we interpret 
as additional evidence that a simple SDW model is not 
a viable description of the ground state of the system. 



V. DISCUSSION 

In this section we discuss the possible origins of the ob- 
served discrepancies of the dc and IR magneto-transport 
data with ARPES data analyzed within the RTA. First 
we note that the discrepancy associated with the dc Rh 
is not explained by Mott correlations since Rh is not 
affected by the quasiparticle spectral weight. This sug- 
gests that vertex corrections to the conductivity are the 
relevant effect. Vertex corrections arising from AFM 
fluctuations in the paramagnetic state account for the 
anomalous dc and IR magneto-transport in overdoped 
PCCOM^ 

Further insight into the nature of the ac magneto- 
transport can be obtained from the following expression 
for the Hall mass: 



rriH 
me 



■ sm((pH 



(4) 



IfT.yle'"^", and 



0.115meV/T is the bare electron cyclotron frequency. 

From Eq.m it can be seen that a reduced mH can occur 
in two ways. First, \crxx\ can reduce more rapidly than 
\(Jxy\- This is the expectation for small pockets as axx is 
proportional to the Fermi circumference and axy tends 
to be less dependent on the size of the Fermi pocket (see 
Eq.[3]). Note that a mixture of hole-like and electron- like 
contributions to cTxy leads to a reduction in \<Txy\ and 
a corresponding increase in mn- Alternatively a strong 
reduction of mn can occur due to a diminishing phase 
difference. Moreover, to achieve a zero crossing of mn as 
suggested by the data in Fig.[2l3 below a doping of ~ 9% 
it is necessary to have a sign change of 4'h — 4>c- 

Therefore the observed rapid reduction in uih may sig- 
nal a reduction in (pn relative to 4)c- Some insight into 
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this possibility is gained by expressing the conductivity 
in an extended Drude parameterization. We can write to 
lowest order in cj/F: 

^ 2^(1 + Ag) ^ ^(1 + Ac) 

0// = and <pc ^ (5) 

iff t c 

Where Th (Ah) and Fc (Ac) are the relaxation rates 
(mass enhancement parameters) for a^y and a^,:^ re- 
spectively. From Eqs.m and [5] it is seen that a re- 
duced Xh with a nearly constant Th will lead to a re- 
duced niH- The Xh / Xc < I behavior is expected 
based on frequency dependent IR Hall studies of BSCCO 
and YBCO i'^"'^^ These effects can arise from vertex 
corrections , ^'^1^8^29 

In underdoped PCCO the vertex corrections from mag- 
netic fluctuations should be significantly modified from 
those observed in overdoped PCCO due to the long range 
magnetic order3& That is, below the Neel temperature, 
AFM fluctuations are absent so that vertex corrections 
would need to arise from some other interaction effect. 
Apart from phonons, the possibilities are charge and 
magnons fluctuations. 

In the magnetically ordered phase the magnon excita- 
tions near the center of the magnetic Brillouin zone (BZ) 
can mediate the electron-electron interaction in the small 
electron pocket. The strong electron-magnon interaction 
in the cuprates implies that these interactions can affect 
the electron transport. However, the discrepancies of the 
experimental data with the RTA means that vertex cor- 
rections are needed to explain the data in terms of the 
electron-magnon interaction. 

The observed temperature dependence of Rh and mn 
support this scenario. Rh and mn in the paramag- 
netic phase are electron-like despite the expected hole- 
like FS in the absence of the SDW gap. The negative 
Rh and mn in the paramagnetic phase can be explained 
by vertex corrections due to the electron-electron inter- 
actions induced by magnetic fluctuation similar to that 
observed in overdoped PCCO<^ Moreover, the absence 
of a magneto-transport signature of the Neel temperature 
indicates a continuous transition from magnetic fluctua- 
tion induced CVC in the paramagnetic phase to magnon 
induced CVC in the antiferromagnetic phase. 

The striking observation of a rapid reduction of mn 
with underdoping appears to imply a rapid decrease in 
the phase of a^y compared with that of axx and may 
provide an important clue as to the nature of the corre- 
sponding interaction induced corrections to RTA. 

Charge fluctuations related to stripe order can also 
lead to vertex corrections. The nearly square electron 
Fermi surfaces observed in ARPES implies nesting asso- 
ciated with the nearly flat edges. This nesting could lead 



either to a charge density wave ground state with long 
range charge order or vertex corrections to the conduc- 
tivity due to charge order fluctuations. These two pos- 
sibilities produce similar effects, namely a reduction of 
the low frequency contributions to axx from some of the 
edge segments of the FS. A reduction in axx implies an 
enhancement of Rh and 9h (and therefore a suppression 
in mn)- However, CDW ordering would be expected to 
reconstruct the electron pocket leading to nearly one di- 
mensional segments of FS with some hole-like curvature 
induced by the CDW gap thus reducing axy as well. Fur- 
thermore, the electron pocket associated with the 12% 
sample is more square than that of the 10% sample. Any 
CDW effects observed in transport measurements should 
be more pronounced in the 12% pocket although the Hall 
mass continues to dramatically decrease with underdop- 
ing. While we believe these arguements make the CDW 
scenerio unlikely a theoretical analysis of the mixed SDW 
and CDW effects on the transport would better test this 
possibility. 



VI. CONCLUSION 

We measured the IR Hall angle as a function of tem- 
perature and doping at an excitation energy of 10.5 meV. 
Although the data is qualitatively consistent with the for- 
mation of a small electron pocket in underdoped PCCO, 
neither the dc Rh data nor IR Hall angle response at 
low doping is consistent with ARPES data when ana- 
lyzed under the assumptions of the relaxation time ap- 
proximation. The large discrepancy between transport 
and ARPES data demonstrates a clear breakdown of the 
RTA implying the importance of including vertex correc- 
tions in the conductivity. A negative and continuously 
increasing Hall mass well above the Neel temperature 
observed in all underdoped samples is difficult to explain 
within a SDW model in the ordered phase, but can be 
understood in terms of current vertex corrections from 
AFM fluctuations in the paramagnetic state, similar to 
the case of overdoped PCCOi^ 
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